methane, are solid, crystalline, ice-like substances found in permafrost areas and deepwater basins around the world. As the search for oil and gas extends into ever-deeper waters, particularly within the northern Gulf of Mexico, gas hydrates are becoming more of a focus in terms of both safety and as a potential energy resource.
Locating likely areas of gas hydrates using remote seismic sensing is relatively straightforward in many parts of the world where bottom-simulating reflectors (BSR) are readily evident. A BSR is a high-amplitude reflector that approximately parallels the seafloor, and which results from the strong acoustic impedance contrast between the gas hydrate-bearing sediments above the reflector and the underlying sediments containing free gas. Because the BSR follows a thermobaric surface rather than a structural or stratigraphic interface, it is normally observed to crosscut other reflectors. Locating gas hydrates in the Gulf of Mexico, however, is much more challenging. Rarely has there been a documented case of a BSR in the Gulf of Mexico. There are many theories as to why this is the case. One thought is that the GOM sediments are too chaotic and heterogeneous to observe a BSR. Others believe that BSRs do exist in the GOM, but are largely undetectable due to the inadequacies of current seismic data.
In this article, we discuss the detection and estimation of gas hydrates using seismic data prior to drilling. The absence of well logs and other hard data presented a key challenge in the study. This was overcome by using a fivestep integrated multidisciplinary approach that included: (1) reprocessing conventional 3D seismic data at the higher resolution using an amplitude-preserving flow with prestack time migration, (2) a detailed stratigraphic evaluation and interpretation to identify potential hydrate zones, (3) seismic attribute analysis to further delineate anomalous zones, (4) full waveform prestack inversion to characterize acoustic properties of gas hydrates in 1D (Mallick, 1995) and map in 3D using a hybrid inversion technique (Mallick et al., 2000) , and (5) quantitative estimation of gas hydrate saturation using rock property models (Figure 1) . In this article, we will focus on discussing rock physics modeling, seismic inversion, and gas hydrate quantification in the northern deepwater GOM.
Stratigraphic evaluation. Two OCS blocks, one in Keathley Canyon and the other in Atwater Valley, were selected for detailed stratigraphic evaluation. In the Keathley Canyon study area, a BSR is identifiable that obliquely cuts the stratigraphic reflections approximately 500 ms below the seafloor (Figure 2 ). This crosscutting feature can be seen using reflection strength on a vertical seismic section and is definable by terminations of the high-amplitude gas sands below (Figure 3 ). In addition to the BSR, this area also shows a hydrate mound on the east side of the major fault ridge. Below this mound is evidence of free gas accumulation and a possible destabilized BSR near the surface. This mound is directly adjacent to one of the major faults, a likely conduit for gas and fluids (Figure 2 ).
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Detection and estimation of gas hydrates using rock physics and seismic inversion: Examples from the northern deepwater Gulf of Mexico JIANCHUN DAI, HAIBIN XU, FRED SNYDER, and NADER DUTTA, Schlumberger Reservoir Services/Data and Consulting Services, Houston, Texas, U. S. The Atwater Valley study area is within the Mississippi Valley channel complex and, therefore, has a thick clastic blanket above the salt. Sediments deposited during this active period are complex and chaotic with evidence of many channel levee and slope fan systems (Figure 4 ). No regional BSR is evident in this area, although numerous seafloor mounds can be seen with amplitude wipeout zones extending about 0.4 s below the mudline ( Figure 5 ). From heat flow and thermal gradient estimates, the hydrate stability zone is thought to extend approximately 500-1000 m below the mudline.
Rock physics of gas hydrates. The presence of a BSR, seafloor mounds, amplitude blanking, or other gas hydrate indicators cannot positively confirm the existence of hydrates. To better determine the existence of gas hydrate, and to quantify actual saturation, elastic property inversion is first performed using high-quality seismic data. This is followed by rock physics inversion to further transform the elastic properties into gas hydrate saturation estimates.
Results of recent gas hydrate drillings worldwide, such as the Mallik 2L-38 well in Northern Canada and ODP Leg 164 wells at Blake Ridge on the Atlantic coast, have demonstrated a consistent relationship between the rock elastic properties and gas hydrate saturations in the sediments. Higher gas hydrate concentrations create an increase in the elastic properties. There are a number of rock physics models in the literature that attempt to quantify this effect ( Figure  6 ). The cementation models of Dvorkin and Nur (1996) treat the grains as randomly packed spheres where the gas hydrates occur at the contact point (model 1) or grow around the grains (model 2). However, these models predict large increases in the elastic properties with only a small amount of gas hydrate but stay relatively flat as the concentration of gas hydrate increases further. Models 3 and 4 are variations of the cementation models, but consider the gas hydrate as either a component of the load-bearing matrix or filling the pores (Dvorkin et al., 1999; Helgerud et al., 1999) . Models 3 and 4 use the Hertz-Mindlin contact theory to calculate dry rock moduli at critical porosity (35-40%). A modified lower Hashin-Shtrikman (HS) bound is used for porosity smaller than critical porosity, and a modified upper HS bound is used for porosities larger than critical porosity. The Gassmann equation is then used to derive the composite rock velocities. Model 5 is an inclusion-type model that treats gas hydrate and grains as the matrix and inclusions respectively, solving for elastic moduli of the system by iteratively solving either the inclusion-type or self-consistent type equations. Models 1-5 all consider gas hydrate as homogeneously distributed in the sediments. However, evidence of gas hydrate coring reveals that hydrates often exist as nodules and fracture fillings in the shallow shaly sediments. This geometry is illustrated in model 6. No quantitative treatment of this geometric model exists in the literature. Not illustrated in Figure 6 is a series of empirical relations to describe the acoustic properties of gas hydrates (e.g., the weighted average equation by Lee, 1996) . The advantage of an empirical relation is that it is based upon real observations, and very simple to implement. However, empirical relationships are not necessarily valid in geologic settings and for rock properties different from where they were formulated.
Figures 7 and 8 show the P-wave and S-wave velocities for all models. These were calculated using identical input parameters and represent the average background properties of the gas hydrate hosting rocks at the Mallik 2L-38 well. The models (colored lines) are compared to the actual well data (blue triangles). Although large variations exist among these model predictions, the solid green line (model 3) closely matches both the P-wave and S-wave data. As will be shown later, this model also accurately predicts the gas hydrate saturation at the Blake Ridge drill site. Hence, we adopted this model for our modeling work and gas hydrate estimation from the seismic data. It must be noted, however, that this model tends to overestimate S-wave velocity at high gas hydrate saturations. It is also sensitive to the choice of co-ordination number, critical porosity, and component elastic properties.
In deep ocean sediments, gas hydrates are only stable at a very shallow interval below the seafloor. This gas hydrate stability zone (GHSZ) is determined by water depth, pore pressure, seafloor temperature, thermal gradient, and gas and fluid composition. Figure 9 shows the phase curves for three cases: 100% methane (blue), gas from gas venting areas one in Green Canyon (green), and another in Mississippi Canyon (red). As the water depth (vertical axis) increases, the temperature threshold for gas hydrate also increases. At a given water depth, the temperature thresholds for gas samples at GC and MC are higher than that of pure methane because they possess larger gas molecules. Knowing the water depth and thermal gradient at a particular location, the GHSZ can be estimated by finding the seafloor temperature (black curve in Figure 9 ) and drawing a straight line to the appropriate thermal gradient. The depth at which the thermal gradient line intersects the gas hydrate phase curve represents the deepest depth at which gas hydrate can be formed with that type of gas. In Keathley Canyon, the GHSZ is predicted to be over 500 m BML for 100% methane, and even larger for the MC and GC gas samples (Figure 9 ). For Keathley Canyon, this is about 20% greater than what is observed from the BSR (Figure 2 ). Because the water depth and seafloor temperature are well defined, and the thermal gradient used is at the high end of typical GOM values, the overestimation is suspected to result from the nonlinear behavior of shallow thermal gradients. In other words, the thermal gradients of shallow sediments may be substantially higher than the regional average values used (25°C/km). This results in a slightly thicker GHSZ than estimated from average thermal gradients. To match the observed BSR at Keathley Canyon to predicted values, an average shallow thermal gradient of over 30°C/km is required. This is more than 50% higher than the typical thermal gradient in the GOM, which is slightly less than 20°C/km.
From Figure 9 , it should be noted that all predicted hydrate stability zones are within 1000 m below the mudline (BML), and most are within the first 500 m.
At shallow depths, rock properties such as porosity, density, P-wave, and S-wave velocities are extremely variable. Porosity of shales can vary from 80% at the seafloor to less than 40% within 500 m of the water bottom. Figures 10 and  11 show the range of porosity and V P within the first 3000 ft below the mudline. The variations in these values with (Gregory, 1977) , rigid global sand (Paxton et al., 2002) , and Hamilton's data (1965) showing shale porosity versus depth within the first few thousand ft BML.
changing lithology illustrate the importance of understanding the shallow rock properties for gas hydrates delineation and volume estimation. By understanding the porosity depth trend at shallow depths due to compaction, and by using an appropriate velocity-porosity model, a background rock physics trend can be constructed. Using the gas hydrate rock physics model (model 3) discussed earlier, velocities for different gas hydrate saturations can be predicted. This methodology was applied to the ODP leg 164 hole 995B (Figure 12 ). The blocky colored lines in the V P column are the replacement curves for different gas hydrate saturations (0-50%) in steps of 10%. The P-wave measurement falls mostly within 10% gas hydrate saturation line and between 10 to 20% at the base of gas hydrate zone. This is in good agreement with estimations made through several other means that were reported in the literature. Panel 3 shows the S-wave estimation based on the P-wave measurement and estimation of V P /V S ratio. Panel 4 shows the bulk density variation with different gas hydrates saturations. The bulk density decreases as the gas hydrate saturation increases due to the lower density of the hydrate compared to fluid. However, this effect is negligible.
Gas hydrate quantitative estimation. With no available drilling information, we designed a quantitative estimation procedure that included elastic property inversion, rock physical modeling, and quantitative gas hydrate saturation calculation. Realistic gas hydrate quantitative estimation based on seismic data relies on accurate elastic property estimation from seismic inversion and a practical gas hydrate rock physical model. Full waveform prestack inversion was applied at numerous locations to estimate high-resolution V P , V S , and density. The elastic volume used was then created from hybrid inversion combining the full waveform prestack inversion and conventional linear prestack inversion for robustness and efficiency. Technical details for these inversion schemes are documented by Mallick (1995) , Mallick et al. (2000) , Dutta (2002), and Mallick and Dutta (2002) . Figure 13 shows the high-resolution full waveform prestack inversion results at two locations in the Keathley Canyon study area. Shallow sand shale sequences, BSR, and possible gas hydrate anomalies were readily recognizable in the results. Figure 14 shows a portion of a stacked seismic section from the Atwater Valley area. Superimposed on that figure we show slowness (inverse of V P in microseconds per foot) obtained from full waveform prestack inver- Figure 11 . GOM shales and sands (Gregory, 1977) , rigid global sand (Paxton et al., 2002) , and Hamilton's data (1965 Hamilton's data ( , 1979 showing V P within the first few thousand ft BML. sion at indicated locations. Note the velocity reversal at the buried gas hydrate mound and the match between the seismic data (amplitudes) and the inversion-derived slownesses. A similar observation is made for other parts of Figure 14 . A similar match can be observed for the Keathley Canyon area in Figure 15 .
From the results of the high-resolution impedance data, gas hydrate saturation was quantitatively estimated ( Figure  16 ). To achieve this, we first derived a monogram from the rock model that relates gas hydrate saturation to P-impedance (product of velocity and bulk density). Then, P-impedance data obtained from seismic inversion as described earlier is used to derive appropriate gas hydrate saturation values.
The above procedure has been used in 3D using the hybrid inversion procedure to derive 3D gas hydrate saturation volumes at Keathley Canyon and Atwater Valley. Figures 17 and 18 show the results at two arbitrary seismic lines. Gas hydrate saturation estimated at these two sections range from 0 to a maximum of over 30% of pore space. A word of caution is warranted for the reliability of the inversion results for gas hydrate saturation. There are several sources of uncertainties: noise in the seismic data, ambiguities associated with the inversion results, and inadequacies of the rock model and the parameters that dictate the predictability of hydrate saturation are just a few.
In addition, lithology variations are also present that are ignored in the current approach as we assumed an averagemix lithology of sands and shales for background (sediments with no gas hydrate). Thus, relating all observed P-impedance variations above the background as due to gas hydrate saturation only, is expected to yield upper bounds of gas hydrate concentration. Nonetheless, in frontier areas where no well data are available, and lithology heterogeneities are poorly understood, this type of estimation will provide valuable predrill information. This sort of information can be useful in selecting potential drill sites to further quantify gas hydrate saturations and properties. For geologic environments such as the Blake Ridge area where the host rock does not have distinctive layering structure, this type of estimation may indeed be close to the actual gas hydrate saturation values.
How reliable are our predictions? There are numerous sources of ambiguities as discussed earlier. Gas hydrate saturation cubes such as those shown in Figures 17 and 18 must be calibrated. It should be noted that, despite the large number of drilled hydrate wells worldwide, quality hydrate logging and coring data are scarce, especially in the Gulf of Mexico. Such data are urgently needed. This must also be supplemented by controlled laboratory measurements on the properties of gas hydrates where parameters can be controlled. Until we devote resources to undertake such logging, coring, and laboratory measurements, current estimates of possible gas that can be obtained from gas hydrates must be questioned.
Discussion. Seismic surveys cover the shelf and much of the northern deepwater Gulf of Mexico (both 2D and 3D). Except for hazard surveys, the upper several hundred meters below the seafloor have been of little interest to the oil and gas industry. As a result, processing of the upper section was perfunctory with conventional streamer data being used to visualize deeper objectives at the expense of shallower zones. For the GOM in general, with its absence of consistent BSRs, conventional off-the-shelf seismic data must be reprocessed for shallow targets. The current processing was designed to address the shallow objectives. This included 2-ms sampling, demultiple, and amplitude-preserving 3D Kirchhoff time migration.
The proposed workflow for gas hydrate detection and quantification (five-step process) is independent of whether BSR is present or absent. It provides a framework for gas hydrate characterization using an integrated geologic and geophysical approach. Full waveform prestack inversion and detailed assessment of rock physics models for gas hydrates are centerpieces of the proposed methodology.
We note that seismic technology-being a remote sensing tool-is appropriate for gas hydrate detection, with or without BSR. However, the data requirements are numerous: High S/N and wider frequency contents are just two of the main prerequisites. Lately, the seismic industry has progressed to meet these requirements. An example is shown in Figure 19 using single-sensor data (Q data) in the East Breaks area of the Gulf of Mexico. A subtle BSR crosscutting the strata in the shallow sediments is clearly revealed along with several dewatering features. These may be related to shallow hazards as well. The high fidelity of the Q data indeed helped in the identification of such features. Conclusions. Elevated P-wave and S-wave velocities are diagnostic features of shallow gas hydrate-bearing sediments. Seismic detection and quantification of gas hydrates rely on qualitative processing, robust elastic inversion, and practical gas hydrate rock physical model construction. The five-step integrated multidisciplinary approach proves to be an effective tool for gas hydrate characterization. Full waveform prestack inversion and hybrid inversion generate 
